Active oxygen species and free radical-mediated reactions are involved in degenerative and pathological processes such as aging, 1, 2) cancer, coronary heart disease, and Alzheimer's disease. [3] [4] [5] [6] Many epidemiological results indicate an association between people who have a diet rich in fresh fruit and vegetables and a decrease in the risk of cardiovascular diseases and certain forms of cancer. 7) Several reports have focused on the antioxidant activities of natural compounds in fruits, vegetables, and herbal medicines, such as echinacoside in Echinaceae root, 8) anthocyanin, 9) various phenolic compounds, 10) and a hydrolysable tannin, geraniin, from Phyllanthus urinaria.
11)
Amine oxidases (AOs) have traditionally been divided into two main groups, based on the chemical nature of the attached cofactor. 12) One is the flavin adenine dinucleotide-containing enzymes (monoamine oxidase A (MAO-A), -B, and polyamine oxidase). 13) MAO-A and MAO-B were well known mitochondria enzymes (EC 1.4.3.4) that have firmly established roles in the metabolism of neurotransmitters. 13) They can be distinguished selectively by specific inhibitors of clorgyline and deprenyl respectively, and MAO inhibitors were recently used to treat anxiety disorders and Alzheimer's disease. 14) The other contains a cofactor possessing one or more topaquinones (diamine oxidase, lysyl oxidase, or semicarbazide-sensitive AO (SSAO)). [15] [16] [17] SSAO (EC 1.4.3.6) is a name for a group of heterogenous enzymes widely distributed in nature, including plants, microorganisms, and the organs of mammals (vasculature, dental pulp, eye, and plasma).
18) It converts primary amines into the corresponding aldehydes, generating hydrogen peroxide and ammonia. Benzylamine (BZ) appears to be a good substrate for all SSAOs and MAO-B, 17) and a variety of other amines (e.g., serotonin, tyramine, tryptamine, polyamine, and dopamine) have been reported to be substrates for some but not all SSAOs. It has been found that endogenous compounds, aminoacetone and methylamine, are good substrates for most SSAOs. 12, 19, 20) In recent research, it was found that plasma SSAO was elevated in diabetes mellitus and heart failure, and is implicated in atherosclerosis, endothelial damage, and glucose transport into adipocytes. [21] [22] [23] [24] [25] [26] Hydroxyurea (HU, NH 2 CONHOH), or hydroxycarbamide, is a hydroxamic acid derivative reported to have several biological functions. It exhibited anti-ribonucleotide reductase activities, 27) and has been found to potentiate the activity of antiretroviral nucleoside analogs.
28) It stimulates fetal hemoglobin synthesis and has been successfully used to treat sickle-cell anemia. 29, 30) In this study, HU was used to test the scavenging activities against 2,2-diphenyl-1-picrylhydrazyl (DPPH) and hydroxyl radicals. In the other hand, MAO-A, MAO-B, and SSAO inhibitory activities of HU in comparison with corresponding positive controls were investigated. This indicates that HU exhibited antioxidant, antiradical and AO inhibitory activities.
Materials and Methods

Materials. 2,2
0 -Azino-bis(3-ethylbenzthiazoline-6-sulphonic acid (ABTS), benzylamine (BZ), bovine plasma (P-4639, reconstituted with 10 ml of deionized water), butylated hydroxytoluene, clorgyline, deprenyl, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), DPPH, ferrous sulfate, horseradish peroxidase (148 units/mg solid), HU, MAO-A (120 units/mg of recombinant protein), MAO-B (40 units/mg of recombinant protein), semicarbazide, and tyramine were purchased from Sigma Chemical (St. Louis, MO). Hydrogen peroxide (33%) was from Wako Pure Chemical Industries (Osaka, Japan). Ascorbic acid was from Merck (Darmstadt, Germany). The other chemicals and reagents were from Sigma.
Scavenging activities of HU against DPPH radicals as detected by spectrophotometry. Various concentrations of HU (0.3 ml) (2.4, 6, 12, 24, and 60 mM) were added to 0.1 ml of 1 M Tris-HCl buffer (pH 7.9), and then mixed with 0.6 ml of 100 mM DPPH in methanol to the final concentrations of 60 mM for 20 min under dark at room temperature. 31, 32) The decrease in absorbance at 517 nm was measured and expressed as ÁA517. Means of triplicates were measured. Ascorbic acid and butylated hydroxytoluene were used as positive controls. Deionized water was used as a blank experiment. The scavenging activity of DPPH radicals (%) was calculated by the equation (ÁA517 blank À ÁA517 sample Þ Ä ÁA517 blank Â 100%. IC 50 stands for the concentration of 50% scavenging activity.
Scavenging activities of HU against hydroxyl radicals as detected by electron spin resonance (ESR) spectrometry. The hydroxyl radical was generated by the Fenton reaction. 33) A total of 500 ml of mixture included various amounts of HU (20, 50 , 100, and 500 mM), 5 mM of DMPO, and 0.05 mM ferrous sulfate. After mixing, the solution was transferred to an ESR quartz cell and placed in the cavity of an ESR spectrometer, and then hydrogen peroxide was added to a final concentration of 0.25 mM. Deionized water was used instead of sample solution for the control experiments. After 40 s, the relative intensity of the signal of DMPO-OH spin-adduct was measured. All ESR spectra were recorded at ambient temperature (298 K) on a Bruker EMX-6/1 ESR spectrometer equipped with WIN-ESR SimFonia software version 1.2. The conditions of ESR spectrometry were as follows: center field, 345:4 AE 5:0 mT; microwave power, 8 mW (9.416 GHz); modulation amplitude, 5 G; modulation frequency, 100 kHz; time constant, 0.6 s and scan time, 1.5 min.
AO inhibitory activities of HU. The MAO-A, MAO-B, and SSAO inhibitory activities of HU were determined by the spectrophotometric method according to Szutowicz et al. 34) with some modifications. A total of 200 ml of reaction solution (containing 50 ml of 200 mM phosphate buffer, pH 7.4, 50 ml of 8 mM substrates, including tyramine for MAO-A and BZ for MAO-B and SSAO, and enzyme, including MAO-A 0.06 units, MAO-B 0.04 units, bovine plasma containing SSAO, 2.53 units, and various concentrations of HU, 5, 7.5, 10, and 12.5 mM for the MAO-A determinations, 3.75, 7.5, 10, and 15 mM for the MAO-B determinations and 2.5, 5, 10, and 25 mM for the SSAO determinations) was placed at 37 C for 1 h and then heated at 100 C to stop the reaction. The positive controls of clorgyline (0.125, 0.2, 0.25, 0.375, and 1.75 mM), deprenyl (2.5, 4.5, 7.5, 10, 15, and 20 mM), and semicarbazide (6.25, 12.5, 25, and 50 mM) were performed at the same time. After cooling and brief centrifugation, 90 ml of reaction solution was isolated and added to a 710 ml solution containing 200 ml of 200 mM phosphate buffer (pH 7.4), 100 ml of 2 mM ABTS solution, and 25 ml of horseradish peroxidase (10 mg/ml). The changes in absorbance at 420 nm were recorded over 1 min, and were expressed as ÁA420 nm/min. Means of triplicates were measured. Deionized water was used instead of HU and the positive control as a blank experiment. AO inhibition (%) was calculated by the equation (ÁA420 nm=min blank À ÁA420 nm=min sample Þ Ä ÁA420 nm=min blank Â 100%. IC 50 stands for the concentration for 50% inhibition. 
Results and Discussion
The DPPH radicals are widely used in model systems, to investigate the scavenging activities of several natural compounds. The color changed from purple to yellow, and the absorbance at a wavelength of 517 nm was decreased. Figure 1 shows the results for the scavenging activity of the DPPH radicals of HU, which showed dose-dependent DPPH radical scavenging activities. The IC 50 of the scavenging activity against DPPH was 23 mM, close to that of butylated hydroxytoluene (18.5 mM) and higher than that of ascorbic acid (13.1 mM).
The hydroxyl radical was generated by the Fenton reaction, and was trapped by DMPO to form DMPO-OH adducts. The intensities of the DMPO-OH spin signals on ESR spectrometry were used to evaluate the scavenging activities of various concentrations of HU (20, 50 , 100, and 500 mM). Based on the results for DMPO-OH intensities, HU showed dose-dependent scavenging activities against hydroxyl radicals (Fig. 2) . Twenty mM, 50 mM, 100 mM, and 500 mM respectively of HU exhibited 16.43%, 31.02%, 50.89%, and 88.55% anti-hydroxyl radical activities. The IC 50 was 97.64 mM for HU. The results shown in Figs. 1 and 2 , the resonance properties of the hydroxamic acid moiety 35, 36) might explain the antioxidant and antiradical activities of HU.
A variety of hydroxamic acid derivatives have been reported to have pharmacological and biological activities toward cancer, cardiovascular diseases, Alzheimer's disease, and tuberculosis.
37) The aspartic acid -hydroxamate exhibited antitumor activity on L5178Y leukemia, 38) and had therapeutic effects on friend erythroleukemia.
39) The monohydroxamates of aspartic acid and glutamic acid were also reported to exhibit antioxidant and angiotensin converting enzyme inhibitory activities. 35) The amino acid derivatives of HU were reported to have specific cytotoxicity against murine leukemia and tumor cell lines. 40 ) HU (NH 2 CONHOH), a simpler hydroxamic acid derivative, was found to exhibit scavenging activities against DPPH; the IC 50 were 23 mM (Fig. 1) reported that L-aspartic acid -hydroxamate and Lglutamic acid -hydroxamate exhibited DPPH scavenging activities for which the IC 50 values were 36 mM and 48 mM respectively. HU also exhibited scavenging activities against hydroxyl radicals, of which the IC 50 values were 97.64 mM (Fig. 2) . Kayyali et al. 41) reported that HU exhibited hydroxyl radical scavenging activity at a fixed concentration (10 mM), and that hydroxyl radicals were generated by photolysis of N-hydroxy-2-pyridinethione as detected by the deoxyribose/ thiobarbituric acid method, which was apparently less sensitive than the ESR of the present study.
The problem of aging-related diseases, such as neurodegenerative diseases (e.g., Alzheimer, Parkinson, and Huntington disease), have been emphasized recently. The intricate causes of the aging process are still a matter of extensive speculation, giving rise to many theories. In particular, the role of reactive oxygen species is a prerequisite nowadays for understanding this process. [42] [43] [44] Another prominent feature accompanying aging, an increase in catecholamine metabolism, has also attracted attention, and AO, a key enzyme in this process, has been extensively studied. In humans, MAO-B activity increases with age, 45) and is especially elevated in certain neurodegenerative diseases. 46, 47) Hence, inhibition of MAO-B activity might improve the quality of life of the elderly.
Using tyramine as a MAO-A substrates, it was found that HU showed dose-dependent inhibitory activities toward MAO-A. The IC 50 was calculated to be 7.17 mM (Fig. 3A) , about 33-fold higher than clorgyline (IC 50 , 0.22 mM), the MAO-A specific inhibitor. To determine the kinetic parameters of MAO-A (0.06 units) in the presence of HU (4.25 mM), the various concentrations of tyramine (0.444, 0.5, 0.667, and 1 mM) were used, and the Km and Km 0 was calculated from the LineweaverBurk plot. It was found that HU exhibited mixed-type inhibition with respect to tyramine. The Km was 0.4199 mM and the Km 0 was 0.5116 mM in the presence of 4.25 mM HU (Fig. 3B) . The Ki was calculated to be 19.456 mM.
Using BZ as a MAO-B substrate, it was found that HU showed dose-dependent inhibitory activities against MAO-B. The IC 50 was calculated to be 7.93 mM (Fig. 4A) , close to deprenyl (IC 50 , 5.64 mM), the MAO-B specific inhibitor. Concentrations of HU higher than 10 mM had higher MAO-B inhibitory activities than deprenyl. To determine the kinetic parameters of MAO-B (0.04 units) in the presence of HU (4.5 mM), various concentrations of BZ (2.778, 4.167, 6.25, and 50 mM) were used. The Km and the Km 0 were calculated from a Lineweaver-Burk plot. It was found that HU exhibited competitive inhibition with respect to BZ. The Km was 4.6828 mM and the Km 0 was 8.6012 mM in the presence of 4.5 mM HU (Fig. 4B) . The Ki was calculated to be 5.378 mM.
Using BZ as an SSAO substrate, it was found that HU showed dose-dependent inhibitory activities against SSAO (from bovine plasma). The IC 50 was calculated to be 6.33 mM (Fig. 5A) , 5-fold lower than semicarbazide (IC 50 , 34.21 mM), the SSAO specific inhibitor. To determine the kinetic parameters of SSAO (2.53 units) from bovine plasma in the presence of HU (5 mM), various concentrations of BZ (0.67, 1, 1.33, 2, and 4 mM) were used. The Km and the Km 0 were calculated from a Lineweaver-Burk plot. It was found that HU exhibited competitive inhibition with respect to BZ. The calculated Ki was 1.835 mM (Fig. 5B) .
Ferrer et al. 48) reported that SSAO activity was higher in the cerebral blood vessels of subjects with Alzheimer's disease. HU has been used successfully to treat sickle-cell anemia 29, 30) and malignant diseases, and has anti-ribonucleotide reductase activity. The bioavailability and pharmacokinetics of HU by oral and intravenous routes have been clinically investigated, and showed almost equal benefits and efficancy. 49) In the present enzyme inhibitory activity assay, it was found that HU exhibited various AO inhibitory activities. HU had a lower IC 50 value than semicarbazide for SSAO inhibition (Fig. 5) , and had an IC 50 value similar to deprenyl for MAO-B inhibition (Fig. 4) . Both inhibitory modes were found to be competitiveagainst BZ.
In conclusion, HU, a clinical drug, also named hydroxycarbamide, exhibited anti-radical activities and AO inhibitory activities in vitro. AO catalyzed the oxidative deamination of various amines to produce the corresponding aldehydes, ammonia and hydrogen peroxide. Active hydrogen peroxide might interact with ferrous ions in vivo to produce hydroxyl radicals (the Fenton reaction), which is a possible source of oxidative stresses.
50) The HU reported here not only had AO (esp. MAO-B and SSAO) inhibitory activities, but also hydroxyl radical scavenging activities. It might be beneficial for anti-aging properties, and requires further investigation.
